The ligands of certain G-protein coupled receptors (GPCRs) are membrane soluble and reach their target from the lipid bilayer. Lipid composition and dynamics will therefore modulate the activity of these receptors, but specific roles of lipid components, including the ubiquitous cholesterol (Chol), are not clear. We have probed the organization and dynamics of such a lipid-bilayer-penetrating ligand, the endogeneous ligand for the κ-opioid receptor (KOR) dynorphin A (1-17) (DynA), using molecular dynamics (MD) simulations of DynA in cholesterol-depleted and cholesterol-enriched model membranes. DynA is found to penetrate deep inside fluid dimyristoylphosphatidylcholine (DMPC) bilayers, and resides with its N-terminal helix at ∼6 Å away from the bilayer midplane, in a tilted orientation, at an ∼50°angle with respect to the membrane normal. In contrast, DynA inside DMPC/Chol membranes with 20% cholesterol (DMPC/Chol) is situated with its helical segment ∼5 Å higher, i.e., closer to the lipid/water interface and in a relatively vertical orientation. The DMPC membrane shows greater thinning around the insertion and permits a stronger influx of water inside the hydrocarbon core than the DMPC/Chol membranes. Relating these results to data about key GPCR residues that have been implicated in interactions with membrane-inserting GPCR ligands, we conclude that the position of DynA in DMPC/Chol, but not in pure DMPC, correlates with generally proposed GPCR ligand entry pathways. Our predictions provide a possible mechanistic explanation as to why DynA binding to KOR, and the subsequent activation of the receptor, is facilitated in cholesterol-enriched environments. A quantitative description of DynA-induced membrane deformations is obtained with a continuum theory of membrane deformations (CTMD) that is based on hydrophobic matching. Comparison with the MD data reveals the significance of the lipid tail packing energy contribution in the DMPC/Chol mixtures in predicting equilibrium membrane shape around DynA. On this basis, specific corrections are introduced to this energy term within the CTMD framework, thereby extending the applicability of the CTMD framework to lipid raft mixtures and their interactions with GPCR proteins and their ligands.
Introduction
Members of the large and diverse G-protein coupled receptor (GPCR) family of transmembrane (TM) proteins modulate cellular responses to a large variety of physical or chemical stimuli. [3] [4] [5] [6] [7] [8] [9] In their activated form, these receptors interact with G protein partners, to trigger events that ultimately lead to a signaling cascade. 4 Compelling evidence suggests that rafts, specialized plasma membrane domains that are enriched in cholesterol and saturated lipids, 1,2,10-12 play a role in the signaling and trafficking of GPCRs. A mechanistic understanding about the interplay between these lipid membrane microdomains and GPCR function is lacking. 1, 2 Experimental information about the possible relation between GPCR function and raft structure and dynamics comes from biochemical and biophysical studies conducted in Vitro on cell membranes and model lipid assemblies. 1, 2, 12 These studies usually rely on the observation that, due to their liquid-ordered (L o ) properties, rafts present a more rigid environment compared to other membrane compartments and therefore are resistant to low-temperature solubilization by various detergents, such as Triton X-100. [13] [14] [15] [16] [17] [18] [19] [20] [21] Thus, treatment of cell plasma membranes with detergent allows for the isolation of rafts and has provided clues on putative raft components, most notably glycosylphosphatidylinositol (GPI)-anchored proteins 22, 23 and various TM proteins, such as GPCRs. 1, 2 In addition, comparison of the activities of various GPCRs in cholesterol-depleted vs intact cell membranes has related functional efficacies of some GPCRs to lipid rafts. The main conclusion that emerged from these studies is that some GPCRs, such as the κ-opioid receptor (KOR), 24 function better in cholesterol-enriched environments, whereas others (e.g., rhodopsin 25 ) require relatively lowcholesterol, liquid-disordered membrane platforms for effective function.
The participation of lipid rafts in the regulation of GPCR function has been linked to cholesterol's ability to affect functionally important modes of motion in GPCRs, 3, 9 ,26 through direct cholesterol-protein interactions or indirectly, 10, 11 by altering the biophysical properties of the lipid bilayer, and possibly by a combination of these effects. For example, from a microsecond-long molecular dynamics (MD) trajectory of rhodopsin in a mixed cholesterol-containing lipid environment, we concluded that the cholesterol dynamics around GPCR evince a direct relation to structural changes associated with GPCR activation, that are triggered by local perturbations and propagated into larger-scale TM movements. 27 Although these simulations provided a possible mechanistic explanation for the observation that rhodopsin function is optimized in membranes with low Chol content, 25 at least two other poorly understood phenomena hinder progress toward adequate consideration of lipid rafts in GPCR signaling. One relates to the finding that GPCRs move in and out of rafts in response to agonist ligand binding; 1,2 the other pertains to the finding that certain GPCR ligands reach their target binding sites from the lipid bilayer, rather than through direct partioning from the aqueous solution into the GPCR. Well-established examples of such ligands include dynorphin A [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] (DynA), 28, 29 which is an endogeneous ligand for KOR, and the cannabinoid CB2 receptor ligand AM841. 30, 31 Furthermore, 11-cis-retinal may enter opsin from the lipid bilayer. 32 It is reasonable to suspect that the local lipid composition of the cell membrane will modulate not only the local concentrations of these bilayer-embedded ligands but also their organization inside the lipid bilayer, which impacts the mode of ligand-GPCR interaction. For example, we have recently predicted that the orientational freedom of bilayer-inserting TM domains in cholesterol-enriched membrane domains will be influenced by the aligning field induced by cholesterol, which would enforce an orientational preference for the insertions along the membrane normal. 33 Moreover, a higher concentration of cholesterol could reduce the membrane partitioning of the ligands, due to cholesterol's condensing effect. [33] [34] [35] [36] [37] [38] To address the need for this type of information concerning GPCRs that are activated by membrane-embedded ligands, we have probed the effects of cholesterol on the organization and dynamics of lipid-bilayer-bound GPCR ligands. From MD simulations of DynA in model membranes, we show that DynA can penetrate deep inside liquid-disordered dimyristoylphosphatidylcholine (DMPC) bilayers, to reside with its N-terminal helix ( Figure 1 ) at ∼6 Å away from the bilayer midplane. Furthermore, DynA in DMPC membranes assumes a tilted orientation, up to an angle of ∼50°with respect to the membrane normal, in agreement with previous MD studies of DynA in the same lipid bilayers. 39, 40 We contrast these results to those obtained for DynA in membranes composed of a mixture of DMPC containing 20% cholesterol (DMPC/Chol), a mixture that shows raft-like liquid-order properties. [33] [34] [35] In these membranes, we find DynA to be located so that its helical segment is ∼5 Å higher, i.e., toward the lipid/water interface compared to pure DMPC, and in a relatively vertical orientation. Furthermore, the pure DMPC membrane shows more thinning around the inserted DynA and a higher concentration of water in the hydrocarbon core in the vicinity of the peptide.
These results are considered in the context of experimental findings and theoretical predictions suggesting that membraneembedded ligands interact with their target GPCRs via specific pathways, such as through openings around receptor extracellular ends of TM6/TM7, 30 ,31 TM5/TM6, 32, 45 or TM7/TM1. 32 Our findings suggest how the type of conditions achieved in lipid rafts may modulate interactions of bilayer-penetrating ligands with their partner GPCRs. Specifically, our results provide a mechanistic explanation for how DynA binding to the κ-opioid receptor can be facilitated in cholesterol-enriched environments. 24 To extend the mechanistic insights obtained from the MD simulations, we proceeded to quantify the energies involved in the DynA-induced membrane deformations. To this end, we evaluated the performance of the continuum theory of membrane deformations (CTMD), based on hydrophobic matching, [41] [42] [43] [44] in comparison to the MD results. The detailed comparative analysis revealed the importance of the lipid tail packing energy contribution in liquid-ordered DMPC/Chol mixtures for the Figure 1 . Snapshot of the starting configuration of the DMPC/Chol system 3 (see Table 1 ). The DynA peptide is shown in red, and the membrane interior is depicted by a density of dots bounded by the space-filling representation of PO 4 groups of the DMPC. Water and salt are removed for clarity. Vertical and horizontal dashed lines represent the bilayer normal z axis and the location of the z ) 0 bilayer midplane, respectively. The center of mass of the 4-9 helix (white circle) and the positions of residues Phe4 and Arg9 are indicated on the DynA structure. The table shows the number of DMPC and cholesterol molecules in the upper leaflets (where DynA resides) and the lower leaflets, as well as the number of water molecules, salt ions, initial z coordinate for the DynA center of mass, and the starting DynA tilt angles. Note that, although the starting DynA tilt angles in the DMPC/Chol 1 and DMPC/Chol 2 systems are similar, the initial membrane configuration around the peptide in these simulations is different.
quantitative prediction of the equilibrium membrane shape around DynA. On this basis, we developed the necessary correction for this energy term within the CTMD framework, which leads to ways of extending the applicability of the efficient CTMD framework to lipid raft mixtures and their interactions with GPCR proteins and their ligands.
Methods
Membrane Systems Studied. Molecular dynamics (MD) simulations of dynorphin A 1-17 (YGGFLRRIRPKLKWDNQ) (DynA) immersed in bilayers consisting of either DMPC or DMPC plus 20% cholesterol (DMPC/Chol) were conducted at 35°C. These particular membrane compositions were chosen on the basis of several considerations: By simulating these membranes at a temperature of 35°C, we expect to explore the organization and dynamics of DynA in membranes with different fluidity properties, according to the previously proposed temperature-composition diagram for DMPC/cholesterol bilayers. 48 In particular, (i) DMPC is commonly used in physicochemical studies because of its relatively low gel-to-fluid transition temperature; 48 (ii) pure DMPC is in a liquid-disordered state, whereas a mixture of DMPC plus 20% cholesterol is expected to have characteristics of a raft-like liquid-ordered state; (iii) DMPC/cholesterol systems have been widely studied both experimentally and computationally, and have been used previously for studies of DynA and other membrane penetrating peptides. 39, 40, 46, 47 Such results are useful for comparisons and validation.
The initial configuration of DynA peptide was the same structure utilized earlier, 39, 40 which was derived from NMR studies of DynA in dodecylphosphocholine (DPC) micelles. 49 In this structure, the residue stretch 3-9 of the N-terminal region of DynA is R-helical (see Figure 1) . As in previous studies, 39, 40 although residues 1 and 2 were not part of the R-helix in the NMR structure, the N-terminal helical region was extended in the initial configuration to include these two residues.
We carried out one simulation with DMPC and three separate simulations with DMPC plus 20% Chol, in which we varied the DynA starting orientation inside the membrane and the initial lipid distribution around DynA. The initial conditions in all these systems are summarized in Table 1 , and Figure 1 illustrates the starting configuration of DynA in one of the DMPC/Chol mixtures. The orientation of DynA ( DynA in Table 1) was assessed throughout by monitoring the angle between the peptide segment connecting residues 4-9 and the bilayer normal z axis; the position of DynA inside the membrane (Z DynA in Table 1 ) was evaluated by tracking the vertical distance between the center of mass of the DynA 4-9 segment and the bilayer midplane.
Building and Simulating Model Membranes. The peptidebilayer complexes (see Table 1 ) were built with the CHARMM-GUI Membrane Builder web tool, 50 using the CHARMM27 force field for DynA, 51 and refined CHARMM parameters for saturated lipid chains, 52 polyunsaturated lipid chains, 53 and cholesterol. 54 Briefly, the macromolecule/membrane complexbuilding process in CHARMM-GUI consists of several steps: 50 (1) the Membrane Builder is first fed the initial structure of the DynA peptide; (2) the membrane normal axis z is defined such that z ) 0 is at the center of the bilayer, and the peptide is placed in the desired orientation and position with respect to the z axis and the z ) 0 plane, respectively; (3) the system size is chosen by picking the desired lipid species, providing the desired number of lipids on two leaflets, and specifying the number of water molecules to be included per lipid headgroup.
Because DynA has been chosen to be initially situated mostly in one leaflet (Figure 1) , the resulting membrane patches were asymmetric (see Table 1 ), to keep the starting area of the two leaflets approximately the same; (4) after adding salt ions for charge neutrality, each component is then built and assembled. CHARMM-GUI utilizes a structural library containing 2000 different conformations for each lipid molecule, so that, with different initial random seed numbers, the Builder generates a different lipid bilayer conformation. Care was also taken to resolve bad protein/lipid and lipid/lipid contacts, which was achieved using the replacement method. The final assembled structures were additionally checked for any remaining bad contacts, such as between the cholesterol ring and other types of lipids or protein. 50 After 5400-step initial energy minimization, all the systems were simulated for 150 ns (including 70 ns of equilibration) using the NAMD modeling package 55 and the CHARMM27 force field. [51] [52] [53] [54] The simulations were conducted under constant temperature and pressure conditions with anisotropic pressure coupling and utilizing PME for long-range electrostatics. 56 The Nose-Hoover Langevin piston method 57, 58 was used to control the target pressure with the LangevinPistonPeriod set to 100 fs and LangevinPistonDecay set to 50 fs. All MD simulations were performed with rigidBonds allowing 2 fs time step.
Analysis of DynA Helix Parameters. To quantify changes in the DynA structure and dynamics, such as peptide helicity and tilt throughout the MD trajectories, we used the Trajelix tool of the publicly available software Simulaid. 59 Briefly, Trajelix evaluates the integrity of a helix by performing DSSP (define secondary structure of proteins) checks, 60 and the tilt angle of a helix with respect to a laboratory frame coordinate axis is defined as the angle between the helical axis and the lab axis. Figure 2 shows the helicity of the DynA peptide in the simulated membranes and reveals that, overall, the helical structure of the DynA 4-9 segment is better stabilized in the cholesterol-containing membranes. In the DMPC bilayer, the 4-9 segment is relatively frayed. This region is also somewhat distorted in DMPC/Chol simulation 3, as compared to the two DMPC/Chol simulations. Accordingly, for calculations of the DynA tilt (see Results and Discussion), we used in all the systems only those trajectory frames where the entire 4-9 segment was helical.
Quantitative Description of DynA-Induced Membrane Deformations. To quantify the DynA-induced membrane deformations observed in the simulated systems, we applied the continuum theory of membrane deformations (CTMD) based on hydrophobic matching. [41] [42] [43] [44] In the CTMD approach, a mismatch between the thickness of the hydrophobic core of an unperturbed bilayer, d 0 , and the length, l, of the hydrophobic exterior surface of a bilayer inclusion causes a deformation of the bilayer around the insertion. The CTMD is based on the assumption that the hydrophobic interactions between a TM and the bilayer are strong enough to ensure that there is no exposure of hydrophobic residues to water, resulting in a membrane thickness of d 0 -l at the inclusion/bilayer boundary. 42, 43 In the CTMD, the free energy functional describing bilayer deformations, ∆G def , is treated on the continuum level, and contains contributions due to changes in bilayer thickness and in monolayer curvature, as well as due to surface tension:
In the above, K a and K c are the compression-expansion and bending moduli, respectively, R is the surface tension, u represents local perturbations in monolayer thickness (which may differ in the two leaflets), and c 0 denotes monolayer spontaneous curvature. Following the works of Andelman et al. 62 and Khelashvili et al., 63 we represent c 0 as the weighted sum of the spontaneous curvatures of the pure lipid constituents:
where c 0 DMPC and c 0 CHOL are the spontaneous curvatures and φ DMPC and φ CHOL are mole fractions of DMPC and cholesterol, respectively. We approximate c 0 DMPC ) 0, due to the mostly cylindrical shape of the (saturated) DMPC lipid, 64 and used c 0 CHOL ) -1/25 Å -1 .
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The CTMD algorithm assumes a symmetric deformation and searches for the equilibrium membrane shape around a TM inclusion by minimizing G def subject to boundary conditions in the bulk, and at the insertion/bilayer interface. In particular, far from the inclusion, the bilayer "shape" is that of an unperturbed bilayer. 42, 43 At the inclusion surface, the monolayer deformation u 0 is given by the mismatch (d 0 -l)/2. Lastly, the boundary condition for the slope of the deformations at the inclusion interface accounts for lipid packing adjacent to the insertions: (∂u/∂r) r 0 ) s, where r 0 is the radius of TM insertion and s is the so-called packing parameter. [42] [43] [44] In geometric terms, the packing parameter is given by tan θ, where θ represents the angle between the slope of the deformation and the membrane horizontal plane.
In order to obtain the steady state membrane deformations, the CTMD algorithm performs a self-consistent minimization in which the packing parameter value is varied, and for each s, the shape profile u(x, y) that minimizes G def is obtained from eq 1. The G def vs s relationship identifies a value of the packing parameter s min that minimizes the free energy functional, and the final equilibrium shape is the one that corresponds to this s min . 42, 43 To describe DynA-induced membrane deformations in DMPC and DMPC/Chol membranes with the CTMD approach, we assumed that for each simulated system the hydrophobic thickness of bilayer at the inserted DynA is the lipid phospholipid head-to-head distance, d HH TM , as measured from our MD simulations (see the Results and Discussion, Figure 6 ), whereas the thickness of the unperturbed bilayer d HH bulk is that measured at the edges of the simulation box. Therefore, we imposed the boundary condition that the monolayer deformation u 0 at the inclusion surface is given by ( 
Treating membrane deformations around DynA as azimuthally isotropic, we then solved eq 1 for different values of the s parameter following the procedure in refs 42-44, to obtain s min and consequently u(x, y) ≡ u(r) that minimized the free energy functional. In the process, we utilized a set of material constants for DMPC and DMPC/Chol obtained from experimental measurements (see Table 2 ).
Calculation of Cholesterol Tilt Modulus. We have previously described the procedure for calculating the cholesterol tilt modulus from MD simulations. 33 Briefly, the normalized probability density P(θ) of the cholesterol tilt angle with respect to the bilayer normal is constructed for each simulated system. The tilt angle, θ, is defined as the polar angle between the vector C3-C17, commonly used to describe the cholesterol ring plane orientation and the bilayer normal. As usual for polar coordinates, θ is defined in the range [0°; 180°]. In this definition, θ ) 0 represents a cholesterol orientation where the ring plane is parallel to the bilayer normal z axis. The P(θ) distribution is obtained by creating a cholesterol orientational angle histogram in the angular range θ ⊂ [0°; 90°]. To calculate the cholesterol tilt modulus, a quadratic fit is performed for the -k B T log[P(θ)/ sinθ] function in the [8°; 20°] interval, a range chosen to represent the best-sampled angular region and at the same time to limit the fit to low θ regime. 33, 66 Finally, is directly measured from the coefficient that corresponds to the best fit.
Results and Discussion
Equilibration of the Model Membranes and Dynamics of DynA Peptide. The convergence of the simulated systems was monitored through the evolution of several key structural properties of the bilayers, as well as by tracking the dynamics of the DynA peptide inside. The simulation box dimensions were constant within fluctuation profiles for the latter half of the 150 ns trajectories for all the membranes (data not shown), and equilibrium values for the areas per lipid headgroup for DMPC 
16.8 × 10
and DMPC/Chol membranes, calculated by dividing the area of the simulation box by the number of DMPC+Chol molecules per leaflet, were 53 ( 2 and 44 ( 2 Å 2 , respectively (the three DMPC/Chol simulations gave similar results).
Although DynA has an effect on the organization of the bilayers (see below), the observed lateral compression of the DMPC/Chol membranes is consistent with the well-known condensing effect of cholesterol on phopholipids, [33] [34] [35] [36] [37] [38] and is generally accompanied by a concomitant increase in bilayer thickness. [33] [34] [35] [36] [37] [38] [67] [68] [69] [70] Thus, the change in peak-to-peak distance on the electron density plots in Figure 3A shows that Chol addition increases the average distance, d HH , between the DMPC phosphate atoms in the opposing leaflets by ∼5 Å. This value is close to previous reports. 38, 67, 71, 72 We also find d HH to be strongly dependent on the radial distance from DynA. In particular, as evidenced from Figure 3B -E, in all the systems, d HH measured inside a 20 Å radial shell around the inserted DynA is smaller compared to that calculated outside this DynAneighboring region. Thus, membranes in all the studied systems show apparent thinning around the insertion (see below). To relate these bilayer deformations to the dynamics of DynA inside membranes, we proceed with a description of DynA organization in the model bilayers and then discuss the response of DMPC and DMPC/Chol membranes to DynA insertion. Figure 4 shows the time evolution of the vertical position Z DynA measured from the membrane midplane, showing that DynA organization is substantially different in DMPC and DMPC/Chol. Z DynA in DMPC is 6 ( 1 Å, a value consistent with earlier simulations on the same systems, 39, 40 whereas in all three DMPC/Chol bilayers DynA Z DynA moves outward, to Z DynA ) 11 ( 1 Å. Thus, in cholesterol-enriched membranes, DynA is situated with its 4-9 helical segment ∼5 Å "higher", i.e., toward the lipid-water interface, compared to the pure DMPC system.
In the pure DMPC membrane, DynA is positioned deeper than in the Chol-containing membrane due to the absence of the aligning field produced by Chol 33 that would also keep the peptide in a relatively straight orientation (aligned with the z axis). Thus, DynA also assumes a more tilted orientation in pure DMPC. This is because lipid acyl chains generally show lower order toward their terminal methylene groups compared to those close to the lipid backbone region (see below and Figure 7) . Hence, when DynA is localized closer toward the interface, it can be expected to have limited flexibility compared to DynA that is positioned "lower", in the hydrocarbon core (see below). DynA is therefore more upright in DMPC/Chol than in DMPC bilayers; we calculate the angle between the DynA 4-9 segment and the bilayer normal DynA to be ∼50°for DMPC, in good agreement with previous MD studies of DynA in DMPC membranes, 39, 40 and ∼32 ( 8°for DMPC/Chol (error bars represent standard deviation from the three DMPC/Chol simulations). This is evident in Figure 5 , which shows the final snapshots, after 150 ns, of DynA immersed into DMPC and DMPC/Chol (20% 1) membranes. Moreover, Figure 5 not only suggests a different DynA organization in these bilayers but also highlights the different responses of Chol-free and Cholenriched membranes to DynA insertion. In particular, the pure DMPC membrane appears to be substantially deformed around the insertion, whereas the DMPC/Chol bilayer shows a smaller deformation. This point is addressed more quantitatively below.
DynA Dynamics in DMPC/Cholesterol Membranes Results in Bilayer Thinning and Water Penetration. Figure 6 shows the membrane thickness, d HH , as a function of radial distance from DynA. The values, normalized relative to those far from the instertion, are plotted for the simulated systems (the profile for the DMPC/Chol is the average over the three independent simulations). Both the DMPC and DMPC/Chol systems are seen to deform around DynA, with the pure DMPC membrane showing a greater extent of thinning around the insertion (see also Figure 3B -E); note that the "unperturbed" bilayer is thicker in the DMPC/Chol system. The lipids in both systems reorganize as DynA equilibrates inside the membranes to minimize the level of hydrophobic mismatch between the natural bulk thickness of lipid membranes and the length of TM insertion [41] [42] [43] [44] (see below). The radially varying d HH profile is directly related to spatially nonuniform packing of lipid tails within the bilayers. This is illustrated in Figure 7 where the deuterium order parameters (-S CD ) are shown for DMPC lipid chains within a 10 Å radius shell around DynA (near) and outside this shell (far) for all the model systems; -S CD at each methylene carbon atom along lipid tails is defined as where φ is the angle between the C-H bond vector and the bilayer normal and the angular brackets indicate averaging over time and over all the lipids. Consistent with variations in peakto-peak distances in Figures 3 and 6 , lower ordering is seen in Figure 7 for the lipids that are near the DynA, as compared to those far away in all the simulated systems. Overall, the DMPC acyl chains are more ordered in DMPC/Chol, in agreement with our electron density calculations in Figure 3A -E, as well as , normalized by its value far from the insertion, is plotted as a function of radial distance from DynA for all the simulated systems. For cholesterol-containing bilayers, the profile is the average over three independent calculations, and the error bars indicate standard deviations calculated from the three DMPC/Chol simulations. For this analysis, the simulated box around the insertion was divided into radial slices with dr ) 2 Å, and the histogram was constructed of phosphate-tophosphate distance in each bin, and for all the frames of the converged trajectory (70-150 ns). studies on PC/Chol mixtures. The observed membrane thinning near the insertion is accompanied by significant water penetration inside the bilayer hydrophobic core, as can be seen from Figure 5 , as well as from the water electron density profiles in Figure 3F ,G. That the presence of the TM peptide facilitates water partitioning has been described in theoretical and experimental studies of various bilayer-penetrating ligands (see, for instance, refs 39, 40, and 86-89 and references therein), as well as for TM segments of the 5HT 2A receptor. 90 From Figures 3F,G and 5 , we find that the water density around the insertion is not uniform, in agreement with earlier MD studies of DynA in pure DMPC membranes. 39, 40 Thus, more waters are present near the DynA polar residues, as well as around residues at the N-terminus of DynA (see Figure 3F ,G). These waters follow the lipid headgroups from the bottom (DynA-free) leaflet ( Figure 5 ), and thus penetrate deep into the membrane core. Not surprisingly, we find the N-terminus of the DynA peptide to be partially protonated in our simulations. Thus, the pK a value of the amine group in pure DMPC membrane is ∼7.9, estimated following Mehler and Guarnieri, 91 even though the peptide is immersed into the hydrophobic core of the bilayer. The estimated pK a is higher than would be expected for a fully buried amine group because the amine group in the DMPC membrane interacts strongly with the solvent, lipid backbone, and headgroup atoms on the opposite bilayer leaflet, since the membrane thins around the peptide, as illustrated in Figure 5 where the amine group of the DynA is surrounded by the phosphate atoms.
The main findings of our work, that identify essential elements in the effects of cholesterol, are (i) that DynA is located higher, toward the lipid/water interface, and in a more vertical orientation in DMPC/Chol than in DMPC bilayers; and (ii) the greater thinning of DMPC membranes around the peptide, and stronger water influx, compared to that observed in the DMPC/Chol. To obtain a quantitative measure for the determinants of these key observations, we undertook a quantitative analysis of DynAinduced membrane deformations using the continuum theory of membrane deformations (CTMD) which is based on hydrophobic mismatch as described in Methods. This analysis is detailed below and shows that it is necessary to correct the CTMD approach to account for the lipid packing energy contribution. The implications of these results for the function of κ-opioid receptors that bind DynA, and the possible involvement of lipid rafts, are then discussed.
Mechanism of Regulation of DynA Dynamics and Membrane Response by Cholesterol. Our finding that DynA is closer to the lipid headgroups and in a more vertical orientation in DMPC/Chol membranes compared to pure DMPC bilayer is reminiscent of previous descriptions of the role of cholesterol in the membrane organization of various antimicrobial peptides (see refs 92-96 and references therein). It reflects cholesterol's ability to influence the organization and dynamics of TM insertions by imposing aligning force on the insertions. In particular, we have recently demonstrated 33 that the orientation and vertical location of cholesterol itself in DMPC bilayers is determined by the aligning field from other cholesterol molecules, and we have developed a mechanistic picture of how this field may affect the dynamics of the inserted DynA.
When the Chol concentration increases from 1 to 40%, cholesterol molecules undergo a transition from a "lying down" to a "standing up" orientation, whereby the Chol tilt with respect to the bilayer normal is reduced and the hydroxyl group of the cholesterol moves closer to the lipid/water interface. 33 This is because, at high cholesterol content, enthalpic interactions between Chol-Chol and Chol-lipid become stronger than the orientational entropy of cholesterol molecules. 33 The latter, however, dominates the free energy at low cholesterol concentrations. 33 A long-range order is observed around 20% Chol, where Chols tend to align along the bilayer normal. As a consequence, the material properties of phospholipid membranes change with increasing Chol concentration, as cholesterol-rich bilayers show greater rigidity compared to low-Chol membranes. 34 To discuss this aligning field and its role in organization of DynA, we define cholesterol's orientational order parameter σ 33, 97 as where R denotes the angle between the ring planes of two cholesterols and the angular brackets indicate averaging over time and over all the Chol-Chol pairs. Thus, σ ) 1 if Chol molecules are perfectly aligned and σ ) 0 for the orientationaly isotropic mixture. 97 In Figure 8 , we show the calculated σ as a function of the distance between cholesterol pairs for the 20% mixtures. The existence of the aligning field inside the bilayers is evident from the high σ values even for Chol-Chol pairs that are largely separated, suggesting that the orientational ordering of Chol molecules in these bilayers persists over large distances. Note also that σ curves show periodicities in r, suggesting that neighboring Chol molecules tend to avoid direct contact with each other by separating themselves with DMPC lipid molecules.
The orientational entropy losses are given by 33 where P(θ) represents the normalized probability density of cholesterol tilt angle θ with respect to the bilayer normal (see Methods) and k B is the Boltzmann constant. As defined above, the orientational entropy vanishes if Chol molecules are randomly oriented. 33 In DMPC/Chol, however, ∆S is expected to deviate from zero, due to the anisotropic orientation of 
cholesterol. Indeed, we calculate ∆S for our DMPC/Chol systems to be -1.9 ( 0.1 k B .
As the Chols align, they become engaged in interactions with neighboring DMPC lipids giving rise to cholesterol's so-called condensing effect on phopholipids, [33] [34] [35] [36] [37] [38] where the lipid hydrocarbon chains become more ordered (Figure 7) , while the bilayer thickens ( Figure 3A) . Because this ordering effect is observed also for lipids in the vicinity of DynA (Figure 7) , the aligning field resulting in cholesterol condensation must have an effect on the organization of DynA as well. In particular, the longrange orientational order that is established by Chols will keep DynA in a relatively straight orientation. As a result, charged residues on the DynA helix and at the C-terminus of the peptide will engage in strong hydrophilic interactions with the lipid headgroup and solvent atoms, due to the closeness of these residues to the lipid/water interface when the DynA is in the upright conformation. These favorable enthalpic contributions as well as the losses in the peptide orientational flexibility due to cholesterol condensation will limit DynA membrane penetration in DMPC/Chol systems.
We do not observe cholesterol enrichment around DynA. From the average mole fraction of cholesterol and DMPC within a 10 Å radial shell around DynA during the last 80 ns of the three DMPC/Chol simulations, we found the Chol mole fraction in the vicinity of the peptide to be in the range of 12 and 18% within three simulations, i.e., lower than the bulk Chol composition. However, several DynA residues appear to be in contact with Chol molecules for extended periods of simulation time ( Figure 9 ). The figure reveals that, in the third trajectory for the 20% system, a single cholesterol is involved in interactions with Phe4, whereas another Chol interacts simultaneously with Leu5, Ile8, and Arg9. In the second trajectory, one Chol interacts with Phe4, and another one is involved in interactions with Ile8 and Lys11, whereas, in trajectory 1, we identify a single cholesterol molecule interacting simultaneously with Leu5, Ile8, and Arg9 residues.
CTMD Captures the Membrane Deformations in DMPC but Not Those in DMPC/Chol Membranes. The DynAinduced membrane thinning observed in our simulations can be characterized quantitatively using the continuum theory of bilayer deformations, CTMD [41] [42] [43] [44] (see Methods). Figure 10 shows the results of the minimization procedure implemented for the CTMD (see Methods) to obtain equilibrium membrane shapes around DynA and the corresponding deformation free energies for our simulated DMPC and DMPC/Chol systems. As before, for the Chol-containing bilayers, the values from the MD simulations were averaged over the three different trajectories. Because in the DMPC/Chol simulations we observed a somewhat low fraction of cholesterol around the DynA compared to that in the "bulk" (see above), the CTMD procedure Figure 9 . Cholesterol dynamics around selected residues on DynA. The panels show the time evolution of the minimum distance between cholesterol and Phe4, Leu5, Ile8, Arg9, and Lys11 residues in three DMPC/Chol simulations, and the cartoons depict representative snapshots from each simulation. In these snapshots, cholesterol is drawn in space-fill, and the different residues of DynA are drawn in various colors, using red for N-terminal Tyr1. The key DynA residues are highlighted in space-filled rendering utilizing the following shades: Phe4 -yellow, Leu5 -tan, Ile8 -white, Arg9 -pink, and Lys11 -purple.
for the DMPC/Chol mixtures was conducted with both constant (taken from Table 2 ) and spatially varying bending and compressibility. 98 For the latter case, the values for K c and K a given in Table 2 were chosen to represent the moduli of the "bulk", and K c and K a exponentially decayed to two-thirds of their bulk values inside the 10 Å radial region around the DynA. Because the two CTMD calculations, using the constant and the spatially varying moduli, resulted in the same equilibrium membrane deformations, in Figure 10B , we only show the CTMD solution (s min ) corresponding to the constant elastic modulus. Figure 10A reveals good agreement between the shape predicted by the MD simulations and the self-consistent solution of the CTMD; the DynA-induced equilibrium deformation energy in the DMPC membrane is calculated to be 6.84 k B T. In the DMPC/Chol simulations, however, we observe a discrepancy between the deformation profile deduced from the MD simulations and from the self-consistent CTMD analysis ( Figure 10B) . The difference is likely to stem from the contrasting estimates of the lipid tail packing parameter emerging from the two approaches, as the slopes of the two data sets in Figure 10B , representing solutions from the MD and from the CTMD corresponding to s min , are different. The deformation free energies for s min and s MD solutions are 21.1 k B T and 36.8 k B T, respectively.
Consequently, our finding that the CTMD reproduces the MD data for pure DMPC but not for DMPC/Chol can be explained by the different energy costs calculated by the two approaches for the tilt of hydrocarbon lipid tails in 0 and 20% Chol mixtures.
In particular, in DMPC/Chol systems, this energy cost should be expected to be substantial, due to the more liquid-ordered nature of these membranes. Indeed, a relatively low value for the empirical cholesterol tilt modulus, (see Methods), in DMPC/Chol membranes at various sterol compositions was estimated recently for mixtures containing less than 10% Chol. 33 However, a 7 k B T/rad 2 increase in occurs between 10 and 20% Chol, after which it remains relatively constant (17 ( 4 k B T/rad 2 ) as the cholesterol concentration increases further. 33 For the present simulations with 20% Chol, we also calculate to be substantial, 25 ( 3 k B T/rad 2 , suggesting that the energy related to tilting the Chol molecules in the 20% mixtures can be much larger than in low-Chol membranes. This conclusion confirms a well-known feature of raft-like membranes, the strong resistance to any deformation or lipid tilting.
This characteristic of Chol-containing membranes is not captured by the CTMD approach, which treats the lipid tail packing contribution only implicitly, through the packing parameter s 42, 43 (see Methods). Although such treatment quantitatively captures insertion-induced deformations in membranes where the energy cost related to tilt of hydrocarbon lipid tails is small, [42] [43] [44] our analysis suggests that, in bilayers where the lipid tilt energy is substantial, the CTMD framework needs to be complemented with an additional term describing the energy of lipid packing around the insertion. 42 This is illustrated in Figure 10B , which shows a solution from the CTMD approach using the value of the packing parameter that we obtained from the MD trajectories of DMPC/Chol systems. There is excellent agreement with the MD solution, suggesting that it is possible to use MD simulations to capture the effect of lipid packing in the CTMD approach. Such an enhancement should improve the performance of this coarse-grained methodology for raft-like lipid mixtures and enable the CTMD (complemented by MD) to become a general tool for describing interactions between lipid rafts and associated proteins, such as the GPCRs, and their membrane-embedded ligands.
Implications for the Function of K-Opioid Receptors (KORs) and Lipid Rafts. Our results suggest an explanation for the experimentally observed affinity of KORs toward lipid rafts. 24 Specifically, Xu and co-workers 24 found that KORs are localized and function in rafts, and comparison of the KOR activity in intact vs Chol-depleted cells suggested that cholesterol is involved in modulating ligand binding and signaling efficiency of KOR. Additional experimental and theoretical explorations have addressed the general problem of identifying specific GPCR binding pathways for ligands that partition into lipid membranes before inserting into their target receptors. [30] [31] [32] 45, 99 These studies have suggested that the entry site for such ligands lies close to the lipid/water interface. For example, Paterlini et al. 99 predicted that dynorphin A 1-10 (Dyn10), a shorter analogue of DynA with a truncated C-terminus, will bind KOR near the extracellular (EC) loop 2, with the Arg6, Arg7, and Ile8 residues of Dyn10 positioned within 5 Å of the Ser7.34-Tyr7.35-Tyr7.36-Phe7.37 sequence in the receptor (residue numbering according to the Ballesteros/Weinstein generic scheme 100 ), and with Glu6.58 in TM6 of KOR. Recently, Hurst et al. 30 have simulated the entry of the endogeneous cannabinoid ligand sn-2-arachidonylglycerol (2-AG) into CB2 GPCR and predicted that 2-AG is embedded in the membrane when it engages in interactions with Phe7.35 and Cys7.38 of the CB2 receptor before proceeding to its binding site. Interestingly, Park et al. 32 identified two distinct openings in the crystal structure of ligand-free opsin, involving residues Ile5.40 and Phe5.43 on TM5, Phe6.56, and For DMPC/Chol, the data are averaged over the three independent trajectories. The MD predictions are depicted as symbols, and equilibrium shapes from the self-consistent CTMD are plotted as solid lines. The solutions in both panels correspond to the values of packing parameter s min that minimize the free energy functional in eq 1. For the DMPC/Chol system, we also illustrate with a dashed line one alternative solution for u(r) obtained from CTMD based on the value of the packing parameter obtained from the MD simulations. For calculations using the CTMD, the parameter set listed in Table 2 and r 0 was set to 8 Å as the average radius of the DynA helix derived from the MD simulations. Therefore, the DynA surface in these plots is located at r ) 8 Å distance. Phe 6.59 on TM6, and Phe7.40 on TM7, that may serve as paths for the binding of retinal.
Taken together, these findings suggest that the pathways for bilayer-penetrating ligands to access their binding sites in the TM bundle may be located close to the lipid headgroup region. This is illustrated in Figure 11 which shows a snapshot from our recent MD simulations of rhodopsin (PDB accession 1U19) in 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (SDPC)/1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine(SDPE)/cholesterol lipid membrane; 27 the rhodopsin residues that correspond to those mentioned above for cognate GPCRs are highlighted.
In order to compare the DynA positions in our DMPC and DMPC/Chol membranes with the locations of the key residues in Figure 11 , we calculated the vertical displacement (along the bilayer normal) of each residue on DynA relative to a plane representing the average density of DMPC lipid backbone C2 carbon atoms, and compared these distances to the vertical positioning of the key GPCR residues in Figure 11 with respect to the same C2 atom density plane (in SPDC/SDPE/cholesterol bilayers) in the earlier rhodopsin simulations. 27 Overall, the organization of DynA in the DMPC/Chol membranes is such that residues 10-17 all reside within 3 Å of the C2 atoms, whereas in the pure DMPC system only residues 15-17 are found to be within the same range of the backbone carbons. For example, the Ile8-Arg9 pair of DynA is located at ∼10 and ∼5 Å within the hydrocarbon core in 0 and 20% DMPC/ Chol mixtures, respectively. All the key residues depicted in Figure 11 , and specifically the 7.34-7.37 sequence identified by Paterlini et al. 99 in relation to Dyn10-KOR interactions (see above), are within 5 Å of C2 atoms on SDPC and SDPE lipids in the simulations of rhodopsin.
Our analysis shows that the locations of the residues implicated in interactions with bilayer-penetrating GPCR ligands correlate better with the DynA positioning in DMPC/Chol than in DMPC. This suggests that cholesterol creates favorable conditions for DynA to be positioned near the critical residues of the target GPCR, thereby facilitating the entry of DynA into the TM bundle of the KOR. Our predictions thus offer plausible mechanistics for KOR localization and enhanced function in cholesterol-enriched rafts.
The conclusions reached from our analysis for the DynA behavior in the cholesterol-containing membranes should be generalizable to other classes of ligands targeting their receptors through the membrane, including those of various subtypes of opioid and cannabinoid GPCRs. The extension to opioid peptides follows from the fact that, like DynA, other endogenous ligands also have significant helical stretches expected to behave in a similar fashion in response to increasing Chol concentrations.
While the cannabinoid ligands vary structurally, from unsaturated hydrocarbon chains (2-AG) to more rigid ring structures (AM-841) (see ref 30 and references therein), condensation of cholesterol on lipid membrane and the orientational aligning field discussed above will also affect the organization of these compounds in the membrane. In fact, studies have shown that Chol-enriched lipid rafts play a role in cannabinoid receptor function. 104 The similarity of the lipid-based binding pathways proposed for both cannabinoid and opioid ligands 30 (see Figure  11) suggests that cholesterol will play a similar role in regulating the entry of cannabinoid ligands into their target GPCRs.
Concluding Remarks
We have explored the role of cholesterol in the organization and dynamics of a prototypical ligand of the KOR GPCR that reaches its target from the membrane bilayer. From MD simulations of the DynA peptide in DMPC and DMPC/Chol model membranes, we found that DynA equilibrates with its N-terminal helix ∼5 Å deeper into the lipid hydrocarbon core and in a more tilted orientation, with respect to the membrane normal, in pure DMPC bilayers than in DMPC/Chol mixtures. Concomitantly, the DMPC membrane shows more thinning around the insertion and a larger water influx into the hydrophobic core than we found for DMPC/Chol.
The energy cost of the DynA-induced membrane deformations observed in our simulations was quantified with the application of CTMD-based methodology. Comparing the CTMD predictions to results from the corresponding MD simulations revealed the significance of a correct representation of the lipid tail packing energy contribution, and indicated a way in which the CTMD methodology could be refined to enable quantitative prediction for the equilibrium shape of raftlike lipid mixtures around TM insertions. With that, we lay a foundation for extending the applicability of the CTMD framework to lipid rafts and their interactions with membrane proteins and peptides, including GPCRs.
A mechanistic picture of cholesterol regulating organization and dynamics of bilayer-penetrating GPCR ligands emerges from our results. The specific application to DynA and its target GPCR provides as well an explanation for the experimental results suggesting preferred localization and better function of KOR in cholesterol-enriched rafts. 24 Specifically, our data show that cholesterol creates conditions that allow membranepenetrating ligands to position near the residues on the target GPCR involved in the ligand entry pathways. With that, cholesterol may facilitate insertion of bilayer-binding ligands, such as DynA, into designated receptors.
